INTRODUCTION
Both cavitation and direct stress wave effects have been proposed as mechanisms that cause kidney stone and gallstone fragmentation during extracorporeal shock wave
lithotripsy (ESWL). •-4 A typical clinical lithotripter
source produces a focused shock wave incident on the surface of a stone with a peak positive pressure of duration • 1 ps and magnitude • 100 MPa, followed or preceded by a tensile stress of lower magnitude but typically of longer duration. In addition, larger tensile stresses can develop within the stone as the compressive stress wave propagating in the stone material is reflected at the posterior stone surface. The cavitation hypothesis predicts that the rarefactional portion of the incident shock wave causes microbubbles present in the liquid surrounding the stone to expand and collapse violently near the stone surface. 2 Upon collapse, high localized stresses are produced that result in surface pitting and crack propagation that may ultimately fragment the stone. Alternatively, the direct stress wave hypothesis predicts damage on the anterior surface of a stone caused by compressive stresses and spalling of the posterior surface caused by tensile stresses generated within the stone.
• In stones with nonplanar boundaries, internal focusing effects may also occur. For example, a plane wave striking a sphere 5 or an explosion or point impact on the surface of a sphere 6'7 will result in caustics: lines along which linear theory predicts infinite stresses for a shock wave front.
These caustics are for two extreme cases: the first is for a plane wave interacting with a sphere, that is, the source is far from the sphere; the second is for a diverging wave with the source on the surface of the sphere. The experiments studied in this paper are between these limits. The spherically diverging acoustic source is near enough to the targets so that curvature of the wave fronts is important. The location of the caustics is of interest since experimental studies have shown that fractures in Plexiglas spheres subjected to point explosive loading at the sphere surface occur initially at points where the caustics cross the symmetry axis. 6
In vitro lithotripsy experiments have presented evidence for both the cavitation and direct stress wave mechanisms. 2-4'8-•ø However, the relative importance of these mechanisms for stone fragmentation in vivo is still not well understood. A better understanding of the mechanisms involved in stone fragmentation and their dependence on lithotripter parameters such as pulse shape, duration, rise time, and peak positive or peak negative pressures may lead to improvements in lithotripter design or in more effective clinical procedures. Knowledge of the evolution of stress fields inside concretions subjected to lithotripter pulses, along with measurements of the mechanical properties of the stones, may clarify failure processes. In this paper, we describe a technique of implanting silicon strain gauges within plaster samples to obtain information about these internal stress fields. Test specimens of simple geometries (i.e., disks and spheres) have been chosen for this study so that the reflec-tions from the boundaries can be more easily identified and compared with theoretical models. Experimental results are obtained for both spherically diverging and focused shock wave sources. Theoretical models based on geometrical acoustics are presented for a spherical wave front incident on a disk and on a sphere. The caustic surfaces for a spherically diverging wave incident on a sphere are presented. Finally, predictions from these models are compared with the experimental results. • The frequency response of the gauge is primarily limited by the relationship between the gauge length and the wavelength of the lithotripter pulse and by the amplifying circuit bandwidth. For instance, the pulse length in the gauge for a longitudinal wave of 1-bts duration is 9 mm, so the pulse length is nine times the effective length of the gauge. In the surrounding plaster, the pulse length would be 3 mm. Because the total change in resistance of the gauge will be proportional to the average strain along the length of the gauge, the shock rise time and peak value will not be represented accurately. However, information about the arrival times, relative magnitudes, and polarity of the strain wave pulses can be obtained from the strain gauges. A strain gauge produces a change in resistance when subjected to a stress or strain. The lead wires of the gauge are attached to an electronic circuit that converts the change in resistance to a change in voltage and amplifies the signal. The output signal is displayed on a LeCroy model 9400 digital oscilloscope and transferred to a computer for plotting and analysis. Electromagnetic noise from the spark sources is minimized by using short coaxial cables and by electrically shielding the electronics and the strain gauge.
Spherical and disk-shaped specimens were fabricated by pouting a. plaster mixture, 100 parts Ultracal 30 (United States Gypsum Company, Chicago, IL) to 36 parts water by weight, into Plexiglas molds and allowing the plaster to set. These molds were designed so that a strain gauge, glued to a 10-btm-diam. fiber of Kevlar TM (DuPont Corp., Wilmington, DE), could be positioned within the mold before the plaster was poured. Minimal amounts of glue were used to bond the gauges to the fibers and unbacked gauges were used to enhance the bonding between each gauge and the plaster. For the experiments described in this paper, a gauge was positioned at the center of each of the specimens, and in the disk, the gauge was aligned with the axis.
The plaster spheres were 2.25 cm in diameter. The plaster disks were 10.2 cm in diameter and approximately 3 cm thick. Before each experiment, the plaster samples were submerged in degassed water and degassed under a 24-in. Hg vacuum for at least 1 h. Samples were then pressurized at 10 atm for approximately 45 min to drive any remaining air bubbles into solution.
B. Wave speed and density measurements of plaster
The longitudinal and shear wave speeds and the density of the plaster are required for the theoretical analysis. The wave speeds were calculated from the propagation times in 1-and 0.5-cm-thick plaster samples that were degassed as described above. The samples were cut with a diamond saw to obtain parallel faces. Half-inch diameter Samples were always positioned so that the strain gauges were along the axis of symmetry of the lithotripters, thereby aligning each strain gauge with a principal direction of strain. For the Wolf lithotripter, the samples were aligned using a three-way positioner so that their front surface was either 9 or 15 cm from the shock source. For the Coleman lithotriper, they were positioned so that their front surface was at the lithotripter focus.
Two masks could be placed between the Wolf source and a disk sample to partially block the incident wave. Mask A consisted of a 5-mm-thick aluminum plate with a 5.1-cm-diam. hole at its center, covered with a 1.4-mmthick corprene layer containing a 4.2-cm-diam. hole, concentric with that of the plate. Corprene is a corklike material that will prevent the acoustic waves that strike it from propagating to the sample. This mask was positioned so that the direct wave could reach the strain gauge. The mask was large enough, however, to block any waves that would have reached the outer rim of the disk. Mask B consisted of a 1.3-cm-diam., 1-cm-thick piece of Plexiglas covered with a 0.5-mm-thick layer of corprene. This mask was positioned to block the direct wave incident on the strain gauge, but allow waves to reach the outer rim of the disk. Masks were not aligned with the strain gauge axis so that edge diffraction effects would be minimized. No masks were used with the Coleman lithotripter because, for this focused wave, the energy reaching the outer rim of the disk is negligible.
II. GEOMETRICAL ACOUSTICS
Ray theory is used to approximate the wave propagation and reflections within the samples for the shock waves generated by the Wolf lithotripter. These shock waves are only weakly nonlinear, so linear theory is likely to provide a good approximation over short propagation distances. The plaster material is assumed to be homogeneous, isotropic, and linear elastic. The coupling water is assumed to be inviscid and to extend to infinity so acoustic reflections from the liquid boundary can be neglected. Absorption and scattering will contribute to additional attentuation of the waves within the samples, but are neglected since experi- We have considered all possible combinations for N<3 for which the wave front arrives at the strain gauge less than 50/•s after the direct wave does. These combinations can be represented in terms of the five cases presented in Table I . The case label represents the wave type. For example, pPSnpms represents a P wave striking the disk circumference generating a reflected P wave followed by n ,5' waves and rn P waves reflected from either the front or back surfaces and then an ,5' wave that ultimately strikes the strain gauge. In Table I , the time t for the wave to reach the strain gauge is given in terms of the incident angle a and the angles fia and fis that the P and ,5' waves, respectively, make with the normal to the front surface of the disk. These angles are determined from Snell's law and the geometric relation given in Table I for each case. The plus or minus signs ( 4-) correspond to waves striking the edges of the gauge that are farthest or nearest to the source, respectively.
The change in amplitude of a wave propagating along a ray can be estimated by assuming that in a narrow tube of rays the energy remains constant, unless a boundary is encountered. At a boundary, the amplitude is modified by the appropriate reflection or transmission coefficient. Ignoring the curvature of the wave front at the strain gauge and making use of the assertion that the reflection and transmission coefficients at an interface are independent of 
and, for S waves, ezz = ( Eg/pCs3) ø'5 sin(/5•)cos(/Ss).
The theoretical predictions for peak amplitude are shown superimposed above experimental results in Fig. 3 . For an $ wave incident on an interface, it is possible that the P wave is inhomogeneous and therefore, the resulting reflection coefficient for the S wave will be complex. In this case, the waveform will change shape upon reflection and the prediction, shown as a dashed line, is only an estimate of the peak strain. These theoretical predictions match well 
B. Sphere
A spherically diverging pressure wave in a liquid incident on a solid sphere will create a complicated wave pattern within the sphere. Initially, the incident wave will refract at the solid surface generating longitudinal and shear wave fronts that propagate across the sphere. Because the wave fronts are curved, the amplitude of the waves will decrease as they propagate away from the source. When these waves reach the posterior sphere boundary, a portion of the energy will be reflected back into the sphere. These reflected waves will be convergent because of the curvature of the surface of the sphere. For each reflected wave front, ray theory predicts a caustic line, along which the amplitude of the wave is infinite for an incident shock wave. The complexity of the resulting wave fields increases rapidly with time, since with each reflection two waves, a longitudinal and a shear wave, are created, each propagating at a different speed. In the following, wave fronts as a function of time, caustics, and pressure contours of the incident pressure wave will be presented.
Consider a point shock wave source a distance L from the nearest surface of a sphere of radius a. Ray tracing will be used to determine the position of the wave front as a function of time. 5'14 Ray A B originates at the source A, with angle 01 to the horizontal axis as shown in Fig. 4 . The angle 0 between this ray and the normal to the sphere at B is given :by the solution to the equation
{L+a[ 1--½os(0--01) ]}tan 01=a sin(O--01). (16)
In terms of these angles, the coordinates of B, using the coordinate system in Fig. 4 , can be written as 
xa=a[ 1--cos(O--O 1) ], ya=a sin(O--01),
The ray will be refracted inside the sphere such that ray BC will make an angle 0+• with the normal to the sphere at B. The angle • is determined by Snell's law: inflection points lie on the curve that defines the caustic discussed below. Similar plots can also be obtained for the shear wave fronts. These will lag behind the longitudinal wave fronts due to the slower wave speed. In addition, there will be mode conversion upon reflection of the waves from the back surface of the sphere, generating two more sets of reflected wave fronts and, therefore, four caustics will be generated. 
where r t is the radius of curvature of the wave front in the liquid at point B, given by r t--L/cos 01. The radii of curvature r E and s E at an arbitrary point E along BC can be expressed as rE=rs+ BE, sE=ss+ BE. 
III. EXPERIMENTAL RESULTS

A. Disk
The electronic response versus time plots for two excitations of a strain gauge imbedded in a disk that was positioned 15 cm from a Wolf electrohydraulic lithotripter are shown in Fig. 8 . All data plotted for the plaster disks were obtained from a strain gauge located at the center of the disk along the axis as shown in Fig. 2 . The two response curves in Fig. 8 
- 75 The pressure in the liquid at point B is given by pt=po cos Ok/L, where P0 depends on the magnitude of the source. For the Wolf lithotripter, p0•9 MPa cm. Relative pressure contours for the spherically diverging wave impinging on a sphere are shown in Fig. 7 . These contours can be used to predict the pressure amplitude of the first pulse propagating across the strain gauge. Only the first 50 ifs after the initial pulse arrival was analyzed, because after this point the signal to noise ratio is too low to consistently identify features of the response. Also, after this time the interval between waves predicted by the theory becomes too short to distinguish individual pulses. Traces (a), (b), and (c) of Fig. 9 show the response of a strain gauge imbedded in a disk that was again positioned 15 cm from the lithotripter. These are three consecutive signals so the spark-to-spark variation in incident shock wave is evident and not accounted for. For the top trace, no mask was used and therefore the response resembles the traces in Fig. 8 . For the middle trace, mask A was placed between the Wolf source and the disk to block the waves incident on the circumference of the disk, but allowing the direct wave to reach the strain gauge. In this trace, the large signal occurring approximately 40 ifs after the arrival of the direct wave has been suppressed by the mask. For the bottom trace, mask B was placed between the Wolf source and the disk to block the wave propagating directly toward the strain gauge. Therefore, in this trace, the initial compressive pulse and the tensile pulse due to its reflection from the back surface have been suppressed. Figure 10 shows the strain gauge response to a sequence of experiments identical to those in Fig. 9 , except that the disk was positioned with its front surface only 9 cm from the spark source. The arrival time of the direct pulse was therefore 40 ifs earlier and the amplitude was larger because of the shorter propagation distance in the water. The features bf the response are similar to those in Germany).
•6 After the initial pulse, the response is approximately periodic with an average peak-to-peak period of 19
B. Sphere Figure 12 shows the two response curves for a strain gauge imbedded in the center of a sphere placed 9 cm from the Wolf spark source, with the gauge aligned along the axis of symmetry. These two curves indicate the good spark-to-spark reproducibility of the response. The initial compression peak is due to the direct wave. The largest tensile pulse, following 7.74-1 /zs later, is the wave reflected by the back surface of the sphere. The amplitude of this tensile peak is larger than the incident compressive peak because of focusing effects. Other peaks surrounding the largest tensile pulse result from the $ wave (arriving before the largest tensile peak) and the PS and $P waves (arriving after the largest tensile peak). The long term response is a decaying oscillation with an average peak-to- In the presentation of results, only relative amplitudes of the stress waves were compared. To obtain an estimate of the magnitudes of the waves, the change in resistance of the strain gauge needs to be related to the stresses within the gauge and plaster matrix. Because the magnitudes of stress in the present experiment are within the linear range of the gauges, the change in resistance of the gauge ARg can be expressed either in terms of the stress ag or the strain eg along the gauge as ARg/Rgo = 7f gO'g----GFeg ,
where Rg0 is the initial resistance along the axis of a strain gauge and •rg and GF are proportionality constants that depend on the stress state and gauge construction. The stress state in the gauge is complicated not only because the gauge is imbedded in the plaster, but also because a nonhomogeneous stress state is generated by a wave with wavelength on the order of the gauge length. Since the gauge is along the axis of symmetry, the shear stresses in the gauge coordinates are assumed to be zero. The direct waves propagating in a straight line from the source to the gauge are assumed to strike the end of the gauge and propagate along its length. For this situation, the gauge is assumed to be much stiffer than the matrix, such that the lateral stresses can be neglected. Under these assumptions, the only nonzero stress will be ag along the gauge and the manufacturer's gauge factor GF= 140 can be used. For the circuit gain of 150 used in these experiments, the above analysis predicts a change in voltage of 100 mV for ag= 1 MPa.
The amplitude of the initial compressive pulse in the disk at a distance of 15 cm from the Wolf spark source was • 50 mV. Based on the above analysis, this corresponds to a stress of 0.5 MPa. The peak stress in the plaster along the axis at the center of the disk is • 1.5 MPa. A uniform stress of this magnitude would result in a 150-mV signal. However, since the gauge is of a finite length, the peak response would correspond to an average and not the peak pressure along the gauge and would therefore be lower than this estimate. The good correlation between the expected and the measured responses indicates that the strain gauges are functioning close to their design specifications even though they are imbedded in the plaster.
In this paper, we have shown that imbedded semiconductor strain gauges can be used to monitor the internal stress waves in plaster disks and spheres subjected to lithotripter pulses. In the future, we plan to use these gauges to monitor the variation of maximum stress with experimental conditions, such as sample position, size, shape, and mechanical properties, coupling liquid viscosity and gas content, and lithotripter type and settings. The strain gauges can also be used to locate the regions of maximum stress and to determine whether this maximum stress is correlated with a region of initial or maximum stone dam- 
